Concentrations of iron, copper, and zinc were measured in livers of 95 dogs that were suspected of having liver disease. Iron concentrations ranged from 177 to 7,680 ppm (dry weight basis); 54 dogs had iron concentrations greater than the normal concentration of 1,200 ppm. Iron stores were present in Kupffer cells and macrophages but not hepatocytes. The dogs did not have lesions of hemochromatosis. Dogs with high liver iron tended to have high liver copper and inflammatory lesions. High liver copper concentrations usually were associated with hepatocellular necrosis and fibrosis. High liver zinc was found in only 5 animals and was accompanied by histologic inflammatory lesions in one. In humans, increased iron concentration in the liver exacerbates liver damage caused by a variety of insults, and the same may be true for dogs.
Iron, copper, and zinc are essential trace minerals that have a variety of functions. The concentration of these minerals stored in the liver can be measured as an aid in evaluating possible deficiency or toxicity. Iron is a component of hemoglobin, myoglobin, and cytochrome enzymes. It is stored in the liver as ferritin or hemosiderin. Ferritin contains iron complexed with a protein; hemosiderin is a poorly characterized molecule that contains iron with partially degraded ferritin. 21 The total amount of iron in the body is closely regulated by matching the amount of intestinal absorption with the amount of daily loss. Loss occurs with sloughing of epithelial cells from skin, intestine, and urogenital tract. A low concentration of iron in the body can be caused by inadequate intake in the diet, decreased absorption, or blood loss and is manifested clinically by anemia.
Excess iron stores in the body are classified as hemosiderosis or hemochromatosis. 17, 19 Hemosiderosis is characterized by storage of increased amounts of iron in Kupffer cells of the liver with no apparent hepatocellular damage. It can be caused by high concentrations of iron in the diet, transfusions, or thalassemias, which are diseases with defective hemoglobin metabolism. 9 In contrast, hemochromatosis is characterized by accumulation of ferritin and hemosiderin in hepatocytes, Kupffer cells, and bile duct epithelium plus heart, pancreas, joints, and fibroblasts in dermis. Primary hemochromatosis is a common genetic disease in humans that involves loss of regulation of iron uptake in the small intestine. Patients with hemochromatosis may develop liver failure and may die of car-diac arrhythmias, usually after age 40. 14 Excessive intake of iron, repeated blood transfusions, and thalassemias can cause secondary hemochromatosis as well as hemosiderosis.
The exact biochemical basis for iron toxicosis is not clear, but it has been suggested that free radicals form when free iron is present. 2, 4, 5 Free iron can be present if the amount of iron in the liver exceeds the capacity to bind it to protein to form ferritin. Iron overload of the liver often results in fibrosis and cirrhosis. 4, 5, 9, 23 Increased liver iron concentration in humans appears to enhance the effects of other hepatotoxicants such as alcohol or viruses. 3, 6, 8, 18, 23 In veterinary patients, hemochromatosis has been reported in Salers cattle 15 and 3 horses. 16 Other animal models of hemochromatosis have not been identified. 9 Acute iron toxicity has caused hepatic necrosis in foals. 1, 13 In dogs, hemosiderosis has been seen in cases of chronic hepatitis. 7 Hemochromatosis has not been reported in dogs.
Copper is a trace mineral that is a constituent of a variety of enzymes, including cytochrome c oxidase and cystocolic superoxide dismutase. 21 Deficiency of copper is associated with anemia, abnormalities in collagen synthesis, and central nervous system (CNS) function. Disease due to copper deficiency has not been convincingly demonstrated in the dog. High copper concentrations are seen in several forms of canine liver disease, including an inherited disease of Bedlington terriers. Increased liver copper can occur secondarily to liver disease that prevents normal excretion of copper through the biliary system. 24 The mechanism of liver damage caused by excess liver copper is probably based on free radical-induced damage to lipid membranes, similar to toxicity caused by iron. 4 The trace mineral zinc is a cofactor of many enzymes, including lactate dehydrogenase, alkaline phos-phatase, and carbonic anhydrase. It is a component of nuclear receptors for steroid, thyroid, and calcitrol hormones. Deficiency of zinc can be caused by low concentration of the mineral in the diet or impaired absorption. It is associated with failure of growth, hypogonadism, and impaired wound healing. 21 Zinc toxicity in the dog has been associated with gastrointestinal irritation and renal dysfunction. 22 Acute zinc toxicity from the ingestion of pennies minted after 1982 has resulted in hemolytic anemia in a dog. 11 This study was conducted to identify the concentrations of iron found in dog livers and to determine if there were correlations between liver iron concentration and liver copper and zinc concentrations, pathologic changes in the liver, or age of the dog.
Materials and methods
Case materials. Liver specimens from 95 dogs submitted to Colorado State University Veterinary Diagnostic Laboratory, Fort Collins, Colorado, for histologic evaluation and quantitative copper analysis were analyzed for iron and zinc for this study. The most common breeds were Bedlington Terrier (14) , West Highland White Terrier (12) , and Labrador Retriever (9) . Others were Australian Shepherd, Bassett Hound, Bischon Friese (2), Border Collie (2), Cocker Spaniel (3), Collie, Daschund, Dalmatian (5), Doberman Pinscher (4), German Shepherd, Keeshond, Malamute (2), Maltese Terrier, Mastiff, Miniature Pinscher (3), Papillion, Poodle (2), Rottweiler (4), Samoyed, Scottish Terrier (6), Sharpei, Shihtzu (2), Welsh Corgi, Yorkshire Terrier, and unknown or mixed (12) . Sexes were 42 spayed females, 8 intact females, 8 intact males, 27 neutered males, and 10 unrecorded.
These dogs, with the exception of 9 Bedlington Terriers, had clinical signs suggesting liver disease and/or increased liver enzymes. Clinical signs ranged from mild or nonspecific problems such as decreased appetite, decreased energy, or intermittent vomiting to signs of liver failure. Some dogs had no clinical disease, but liver biopsy tissue was submitted to investigate the cause of increased liver enzymes found in serum chemistry panels conducted as part of a routine examination. Five of the 14 Bedlington Terriers had clinical signs of liver disease and 9 were healthy animals being screened for copper-storage disease.
Ages of all dogs ranged from 7 mo to 13 yr, with an average of 8 Ϯ 4 yr. The healthy Bedlington Terriers were aged 1 yr or less and the other 5 were 2-11 yr of age.
Quantitative mineral analysis. Copper, iron, and zinc concentrations were determined by flame atomic absorption spectrophotometry. Briefly, the liver samples were dried overnight at 85 C, ashed overnight at 600 C, dissolved in 3.6 N HNO 3 , and diluted for analysis. 10 Histologic examination. Liver samples were fixed in 10% neutral buffered formalin, processed routinely, sectioned at 5 m, and stained with hematoxylin and eosin. Additional sections were stained with rhodanine to identify copper and Perls Prussian blue to identify iron.
Statistical analysis. Because the data were not normally distributed, as determined by Kolmogorov-Smirnov analy-sis, descriptive statistics are reported as median and range rather than average and standard deviation. Comparisons of liver mineral concentrations among histologic grades were made by the Kruskal-Wallis nonparametric multiple-groups comparison test. Evaluation of thresholds for categorical comparisons of histologic grade or liver mineral concentrations for normal versus high mineral values was done by Mann-Whitney analysis. a There was not a correlation between age and histologic grade by the Spearman rank correlation method, so the age of the dogs was not considered a covariate for statistical analysis.
Results
Quantitative concentrations of iron, copper, and zinc. Iron concentrations of all 95 dogs ranged from 177 to 7,680 ppm, with a median of 1,354 ppm. Normal iron concentration is 400-1,200 ppm (dry weight basis). 20 Forty-one of 95 (43%) dogs had iron concentrations less than 1,200 ppm, 32 (34%) had iron concentrations of 1,200-2,400 ppm (up to twice normal concentration), and 22 (23%) had greater than 2,400 ppm (over twice normal). For statistical analysis, the dogs were divided into 3 groups according to the above designated liver iron concentrations. When comparing the liver copper of the 3 groups, there was a significant increase in liver copper concentration as the liver iron concentrations increased (P Ͻ 0.0001). Associations between liver zinc concentrations and lower or higher liver iron concentrations were not significant (P ϭ 0.553). Iron concentrations in Bedlington Terriers ranged from 299 to 6,270 ppm, with a median of 817 ppm. Eight of 14 (57%) Bedlington Terriers had iron concentrations less than 1,200 ppm, 1 (7%) was 1,290 ppm, and 5 (36%) were greater than 2,400 ppm ( Table 1) .
Liver copper concentrations of the dogs ranged from 32 to 16,700 ppm, with a median of 344 ppm. Normal liver copper is 120-400 ppm, with values greater than 1,500 ppm considered toxic. 20 Seventy-nine (83%) had copper in the below-toxic range and 16 (17%) were Ͼ1,500 ppm. The highest liver copper concentration, excluding Bedlington Terriers, was 8,390 ppm. Copper concentrations of the 14 Bedlington Terriers ranged from 81 to 16,700 ppm, with 8 (57%) in the normal range and 6 (43%) in the high range (Table 1) .
Zinc concentrations were determined in 89 of the dogs, with a median of 153 ppm, ranging from 37 to 10,900 ppm. Normal zinc concentrations are 120-300 ppm, with values greater than 800 ppm considered toxic. 20 Eighty-three (93%) dogs had zinc concentrations Ͻ800 ppm and 6 (7%) dogs had high zinc concentrations. Twelve (86%) Bedlington Terriers had normal zinc concentrations from 86.8 to 790 ppm and 2 (14%) had concentrations of 10,800 and 10,900 ppm (Table  1) .
Histologic changes in livers. Fifty-nine of 95 livers (62%) had mild, moderate, or severe inflammatory lesions that consisted of periportal accumulations of lymphocytes and plasma cells with variable numbers of neutrophils. Severe inflammatory lesions were often accompanied by fibrosis. Some livers had cirrhosis with inflammation, fibrosis spanning lobules, regenerative nodules, and bile duct hyperplasia. Nine livers (9%) had swelling and vacuolation of hepatocytes and no other histologic abnormalities. Two (2%) had vascular dysplasia consistent with vascular shunts that had been demonstrated clinically. One (1%) liver had hepatocellular carcinoma. Twenty-four (25%) dogs had no histologic lesions, and their clinical histories included only mild illness or an increase of 1 or more liver enzymes. Bedlington Terrier livers had no lesions or hepatocellular swelling and varying degrees of in-flammation; the severe inflammatory lesions included multifocal hepatocellular necrosis, chronic inflammation, or cirrhosis.
The Perls Prussian blue stain showed that iron was present in Kupffer cells and in macrophages near portal areas but not in hepatocytes ( Figs. 1-3 ). Accurate identification of iron was not possible with HE stain. Copper appeared as coarse distinct granules in the cytoplasm of hepatocytes. Copper granules were apparent with HE stain, but the rhodanine stain was useful to specifically identify the granules. The intensity of staining with Perls Prussian blue stain did not accurately predict the amount of iron that was found by quantitative analysis. In contrast, the amount of copper visualized with rhodanine stain was consistent with the quantitative measure of copper concentration. Table 2 . There were no significant linear associations between liver iron concentration and histologic grade of mild, medium, or severe changes (P Ͼ 0.05). However, liver iron values were significantly higher (P ϭ 0.0018) for animals with an abnormal histologic grade than those without microscopic changes. Many livers with higher iron concentrations had severe lesions, but severe in-flammation and cirrhosis also occurred with normal or only slightly increased iron concentrations. There were no significant linear associations between liver copper concentration and histologic grade (P Ͼ 0.05). However, liver copper values were significantly higher (P ϭ 0.0286) for animals with an abnormal histologic grade than those without microscopic changes. Histologic lesions associated with combinations of high or normal iron and high or normal copper are shown in Table 3 . In general, a combination of normal copper and normal iron was associated with no or mild lesions, while increase of both minerals was associated with inflammatory lesions.
Correlations between mineral concentrations and histologic changes. Mineral concentrations associated with various histologic lesions are shown in
Correlations between age and iron and copper concentrations. The average age of all breeds of dogs with normal liver iron was 5 Ϯ 3 years; dogs with up to twice normal iron were 8 Ϯ 3 years, and dogs with over twice normal iron were 8 Ϯ 4 years. The average age of 8 dogs with increased copper, excluding Bedlington Terriers, was 6 Ϯ 4 years (age of a ninth dog was unknown). Copper concentration and severity of histologic lesions of non-Bedlington Terriers did not directly increase with age.
Seven (9%) of 81 dogs, excluding Bedlington Terriers, were 1-2 years of age. Three (4%) had increased iron and/or copper with inflammatory lesions; of the 4 (5%) with normal mineral concentrations, 2 had no lesions and 2 had vascular shunts. Nine young Bedlington Terriers (Ͻ2 years) had no clinical illness and were being screened for copper accumulation. Eight of these 9 dogs had normal histologic features and normal iron and copper concentrations, but 1 had increased copper and mild inflammatory lesions. The 5 Bedlington Terriers aged 2-11 years had inflammatory lesions and increased copper and iron, except in 1 dog, the copper concentration had been reduced by therapy.
Discussion
This study shows that a wide range of liver iron concentrations can be found in dogs. Over half of the dogs in this study had increased liver iron concentrations, and the increased concentrations were often associated with inflammatory lesions. Although high iron is correlated with inflammation, it was not found in all cases. This is in contrast with a previous report of increased iron concentration in 100% of 34 cases of chronic hepatitis. 7 Previous investigation has shown that dogs with portosystemic shunts have increased liver iron concentrations, 12 but in this study, the 2 dogs with shunts had normal iron concentrations; however, the number of cases is too low to be significant. No lesions similar to the massive necrosis associated with acute iron toxicity in foals were seen in these dog livers. 1 These dogs do not appear to have hemochromatosis. Iron was present in Kupffer cells and macrophages but not seen within hepatocytes, as would be expected in hemochromatosis. It is not known if any dogs had iron storage in other organs, as would be expected with hemochromatosis.
Increased liver copper was less common than increased iron. A wide range of liver copper concentra-tions was found, and the dogs with increased copper had lesions consistent with previously reported findings. 24 Bedlington Terriers aged 1-6 years had the types of lesions described in the copper storage disease that has been documented in this breed. Among other breeds in which increased liver copper has been reported, the 10 West Highland White Terriers and 4 Doberman Pinschers had normal copper concentrations, but 3 of 5 Dalmatians had increased copper concentrations. Two of these 3 Dalmatians also had severe inflammatory lesions.
Increased zinc was uncommon and did not correlate with iron and copper concentrations or histologic lesions. The highest zinc concentrations were found in 2 Bedlington Terriers. It is not known if any dogs were receiving zinc supplements.
There were some correlations between iron and copper concentrations. Dogs with normal iron usually had normal copper. Dogs in the group with up to twice normal iron had a higher average copper concentration than dogs with normal iron. Dogs with over twice normal iron had an even higher average copper concentration. However, there was a wide range of copper concentrations accompanying increased iron, and some dogs with increased iron had normal copper. Dogs with normal copper may have normal or increased iron, but if a dog has high copper, it will probably have high iron. The influence of one mineral concentration on another is not clear. Iron and copper concentrations do not appear to increase in direct proportion to each other.
The average age of dogs with increased iron was higher than those with normal iron, but there was a great deal of variation and any significance is unclear. Increasing concentrations of liver copper did not correlate with increasing age of dogs, excluding Bedlington Terriers. This is in contrast with the finding that there is continued increase in storage of copper over time in Bedlington Terriers. 24 Quantitative analysis of liver copper concentration in young Bedlington Terriers is useful for predicting future liver disease, but usefulness for other breeds needs further evaluation. Because a pattern of liver iron concentration increasing with age was not clearly demonstrated, it does not appear that evaluating liver iron concentration in a young dog would be useful for predicting future liver disease.
In some cases, increased concentration of copper is due to defective pathways of copper metabolism. In other cases, increased copper concentration is secondary to biliary lesions that interfere with normal excretion of excess copper into bile. In contrast, iron is not excreted into bile, so the iron concentration would not be influenced by abnormalities in the biliary system. It is usually thought that increases in liver iron are due to increased intestinal absorption or abnormalities of hemoglobin metabolism and delivery of iron to the liver. 9 It is not clear whether other types of liver disease might cause iron to accumulate in the liver.
High iron load may exacerbate the effects of a variety of insults to the liver of dogs. If iron were directly causing liver lesions, there might be a more direct correlation between the quantitative iron concentration and the severity of lesions and more uniformity of the type of liver lesion than was found in this study. The livers examined in this study came from dogs with a variety of ages, breeds, clinical histories, and histologic lesions, so there were probably a variety of underlying causes for the lesions. If increased liver iron does exacerbate liver disease, then quantitative measurement of liver iron may be useful in assessing prognosis of liver disease.
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